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1. INTRODUCTION

A series of controlled uranium hexafluoride (UF;) release tests was conducted at a French
government test site near Bordeaux, France. The results of the first release test are
documented in report by R.A. Just (Just, 1986). The first UF; release test was designated as
a qualification test. The primary objective of this test was to provide the information required
to obtain approval for a series of UF release tests. A second release test was conducted on
April 10, 1987 (Just and Bloom, 1989). During the second release, 146.2 kg of UF, vapor was
released over a time interval of 30 min 5 s from a 3.15-m-high, 0.05-m-diam pipe.
Information collected during the second release test included meteorological data,
measurements of uranium and fluorine concentrations, particle size distribution information,
* deposition data, and visual data (photographs and a videotape).

A third release test was conducted on June 5, 1989, during which 73.1 kg of UF vapor
was released over an interval of 15 min. The information collected was similar to the second
release and also included temperature measurements within the plume close to the release
point. Data from this third release test were provided to the U.S. Department of Energy
(DOE) and Martin Marietta Energy Systems, Inc., in a report by C. Geisse (Geisse, 1989),
and a videotape, EURODIF, LACHERS UF4(1989). The analysis of these data is the subject
of this report.

DOE sponsored the development of a UF dispersion model at Energy Systems (Bloom et
al., 1989), and this model has been used to simulate postulated accidental releases of UF,,
This model simulates the unique aspects of UF, dispersion, which include the effects of
chemical reactions; positive, neutral, or negative buoyancy; phase changes; elevated or
ground-hovering behavior; and significant density variations. The data from the UF; release
tests are the only known'information on UF, releases that can be used to evaluate the
accuracy of the UF, dispersion model. In addition to the analysis of the data collected during
the test on June 5, 1989, this report includes a comparison of these data with the predictions
of the UF, dispersion model.
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2. METEOROLOGICAL PROPERTIES

Information collected during the third release test on June 5, 1989 included
meteorological data that were used in the analyses of the data and to provide input for the

UF; dispersion model. The inputs were wind velocities and direction, temperatures, pressure,
and atmospheric stability class.

2.1 METEOROLOGICAL DATA

Measured meteorological data included the following:

2-min average and standard deviation values of the wind velocity at 2-, 10-, 18- and 28-m
elevations;

2-min average values of the relative humidity at 2 and 28 m;

2-min average values of the ambient temperature differential between 2 and 28 m;
2-min average values of the ambient temperature at 2 m and ground level;

2-min average and standard deviation values of the wind direction at 10 and 28 m; and
2-min average values of the ambient pressure.

These data are summarized in Table 2.1. Table 2.1 also gives the mean values of these
quantities over the duration of the release (17:30 to 17:45). Since the data apply to the end

of the indicated time and were reported only at 2-min intervals, the mean values are actually
for the period 17:32 to 17:46.

The mean value for the period 17:32 to 17:46 is simply

j=8
X=1x%/8,
)S

where
X = mean value during the period 17:32 to 17:46,

j = one of the 2-min intervals,
x; = the value at the end of Interval j.

The standard deviation for the period 17:32 to 17:46 is given by

.
=Y x2+s)/8-X2,
=1
where

S = standard deviation during the period 17:32 to 17:46,
s; = standard deviation at the end of interval j.
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As indicated in Table 2.1, the average wind velocity during the UF; release was 5.2 m/s
at an elevation of 28 m, 5.0 m/s at 18 m, 4.8 m/s at 10 m, and 4.0 m/s at 2 m. The average
relative humidity was 54.4% at 2 m and 46.9% at 28 m. The average value of the
temperature difference between 2 and 28 m was -0.67°C. The average ambient temperature
was 17.7°C at an elevation of 2 m and was 21.2°C at ground level. The mean and the
standard deviation of the wind direction were 312.6° and 5.7° at 28 m elevation, and 316.1°
and 5.3° at 10 m. The variation of the wind direction during the test is shown in Fig. 2.1.
The atmospheric pressure was constant during the test at 1021.5 hectopascals.

Some uncertainty exists about the sign of the temperature difference between 2 and 28 m.
Both the Geisse report (1989) and the Just and Bloom report (1989) indicated that the
difference was the temperature at 2 m minus the temperature at 28 m, which leads to a
positive ambient temperature gradient of 2.6 °C/100 m. However, the soil temperature was
higher than the temperature at 2 m, which would indicate a steep negative temperature
gradient close to the ground. Also, a paper reviewing the UF release tests (Crabol et al.,
1991) gave the ambient temperature gradient during the June 1989 test as -2.6 °C/100 m.

22 ATMOSPHERIC STABILITY

Criteria for evaluating atmospheric stability are presented in Tables 2.2 and 2.3. Based
on the videotape of the release test, a moderate to strong insolation level can be assumed,
and the information in Table 2.2 indicates that a wind velocity of approximately 4 m/s would
yield a classification of “moderately unstable,” or Class B stability. The standard deviation
in the wind direction over the entire release is 5.3° at an elevation of 10 m and 5.7° at 28 m.
The information presented in Table 2.3 indicates these data correspond to “slightly stable,”
or Class E stability.

There are two methods for employing the ambient temperature measurements to estimate
the atmospheric stability. The simplest method is to compare the temperature gradient with
Table 2.3. However, there is the uncertainty in the sign of this gradient. A gradient of
2.6 °C/100 m would indicate “moderately stable,” or Class F stability, while a gradient of
-2.6 °C/100 m would indicate “very unstable,” or Class A stability. Because of the
uncertainty in the sign of the temperature gradient, neither of these stabilities should be
considered. A more complicated method is to estimate the Richardson number, which is a
ratio of the buoyant force to the turbulent force. The UF dispersion model estimates this
number at an elevation of 10 m based on the ambient temperature input (in this case, the
temperatures at ground level, 2 m, and 28 m). The value computed by the UF dispersion
model is either -0.46 or -0.52, depending on the sign of the temperature gradient between
2 and 28 m. According to Table 2.3, either of these values would indicate “moderately
unstable,” or Class B stability.

The above discussion does not lead to a clear choice of stability category. However, two
of the methods indicated B stability, and Class B provided the best fit between the predictions
of the UF dispersion model and the data for regions near the centerline of the plume.
Consequently, it is concluded that the most plausible stability category during the release was
Class B.
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Table 2.2. Meteorological conditions defining Pasquill turbulence types

Daytime insolation® Nighttime conditions®
Surface wind speed Strong Moderate  Slight Thin overcast or <3/8
(m/s) . >4/8 low cloud®  cloudiness®
<2 A A-B B
2 A-B B C E F
4 B B-C C D E
6 C C-D D D D
>6 C D D D D

Source: C. Geisse, LACHER d’UF 2PE ESSAI DE VALIDATION, 5 JUIN 1989, COMPTE RENDU

des RESULTS, Rapport Eurodif, 1989.
3 A - extremely unstable conditions.

B - moderately unstable conditions.

C - slightly unstable conditions.

D - neutral conditions (applicable to heavy overcast day or mght)

E - slightly stable conditions.

F - moderately stable conditions.
® The degree of cloudiness is defined as that fraction of the sky above the local apparent horizon

that is covered by clouds.

Table 2.3. Classification of atmospheric stability by horizontal wind fluctuations* (o,),
vertical temperature gradient,” and Richardson number®

Stability Pasquill Hor. wind Vert. temp Richardson
classification category fluctuations,a, gradient number
(degrees) (°C/100 m)
Very (extremely) A >22.5 <-1.9 <-1.1
unstable
Moderately unstable B 17.5 t0 22.5 -1.9 to -1.7 -1.10 to -0.45
Slightly unstable C 12.5 to 17.5 -1.7 10 -1.5 -0.45 t0 -0.10
Neutral D 7.5 t0 125 -1.51t0 -0.5 -0.10 to 0.05
Slightly stable E 38t0 7.5 -05t0 1.5 0.05 to 0.10
Moderately stable F 2.1to 38 1510 4.0 0.10to 0.15
Very (extremely) G <21 >4.0

stable

*Classification from U.S. Nuclear Regulatory Commission (1972). Horizontal wind fluctuations are the
standard deviations of the horizontal wind direction over a period of 15 min to 1 h.

bClassification from U.S. Nuclear Regulatory Commission (1972).

°Classification by Richardson number from Varma (1982).



3. URANIUM AND FLUORINE MEASUREMENTS

Measurements of uranium and fluorine consisted of air concentrations, particle size
distribution information, and deposition data. Table 3.1 gives the locations of samplers for
these measurements. As indicated in Table 3.1 (by the letter G), measurements were also
made of SFy concentrations in the air using an integrated sampler (designated as gas sampler
in this report and DIAPEG in the Geisse report [1989]), but these measurements were not
tabulated in the Geisse report. The SF; was released with the UFg to act as a purely
dispersing tracer (no chemical reactions, deposition, or density effects).

3.1 AIR CONCENTRATIONS

Measurements of uranium and fluorine concentrations in the air were made using two
types of samplers: (1) integrated or continuous samplers, which were used to determine
average concentrations throughout the duration of the release, and (2) sequential samplers,
which were used to determine concentrations as a function of time. For the integrated or
continuous samplers, uranium and fluorine were collected (1) by bubbling the gas sample
through a collecting solution (designated as bubblers in this report and BAPA in the Geisse
report) or (2) by passing the gas sample through a treated filter (designated as filters in this
report and DAPAT in the Geisse report). The sequential samplers (designated as sequentials
in this report and VALISES US in the Geisse report) collected uranium and fluorine by
passing sequential gas samples through treated filters. Each sequential sampler took seven
sequential gas samples with 3-min durations (numbers 1-7) and one sample (number 0) over
the entire test duration. The gas sampling rate was the same for all bubblers (2.78 x 10° m%s)
and for all sequentials (8.33 x 10® m?fs), but each filter had its own rate. These rates ranged
from 1.50 x 10 to 1.40 x 102 m’f.

Data from these samplers consisted of the amounts (mg) of uranium and fluorine collected
over the sampling period. These data, along with estimates of the precision (mg) of each
amount collected, are presented in Tables 1-7 and 10-23 in the Geisse report. In the Geisse
report, and independently in this report, these data were converted to normalized
concentrations (C/q here and CTA in the Geisse report), air concentrations, and normalized
uranium to fluorine mole ratios (U/F mole ratio here and rapport U/F in the Geisse report).

The expressions used to convert the amount collected to other quantities are

Clq = m/(QF) forT 21,
=m t/(QFT) forT <=z,
q=Q/t,
C=Caq,

RUF = (114/238) mU/mI: s

R TR ey T LT AV, TR ot nathat
RN T ORI S AR~ i 7 TA LTI RS Nl A TR Y Cr I A e



where

C/q = normalized air concentration of either uranium or fluorine, s/m®,

C = air concentration of either uranium or fluorine, mg/m>,

q = release rate of either uranium or fluorine, mg/s,

m = amount of either uranium (my;) or fluorine (mg) collected, mg,

Q = amount of uranium (4.9426 x 1078 mg) or fluorine (2.3674 x 107 mg) released over
the duration of the test, mg,

F = gas sampling rate, m’fs,

T = duration of sample collection, s

t = duration of test, 900 s,

Ryr = normalized uranium to fluorine mole ratio (U/F mole ratio).

Numbers 1-7 of the sequentials were collected over 3-min durations (T = 180 s); the
other samples were collected over 15-min (or longer) durations. The values of normalized
concentrations and normalized uranium to fluorine ratios derived from the air concentration
measurements are presented in Tables 33-53 in the Geisse report. The concentrations are
presented in Tables 60-80.

As indicated in Table 3.1, no data were reported for 7 of the 65 filter samplers. Also,
there is some uncertainty about the locations of the filters at a distance of 40 m and a height
of 2 m. Plate 1 and Table 8 in the Geisse report indicate the filters are at azimuths 300°,
312°, and 324° while Tables 12, 42, 69, and 90 indicate the filters are at azimuths 300° and
354°. This report assumes that 354° is a typographic error and the correct locations are 300°
and 324° (no data were reported for 312°). These locations are closer to being symmetrical
about the 315° azimuth, and the other samplers seem to have this same approximate

symmetry.

Values of C/q, Ry, and C were recalculated in this report (see Appendices A, B, and C)
by using the values for the amounts of uranium and fluorine collected which are given in
Tables 1-7 and 10-23 in the Geisse report. In making these calculations, a number of
inconsistencies were discovered in the tables in the Geisse report. The estimates of precision
for the amount of uranium collected in Tables 1-7 (bubblers) did not follow the estimating
rules given in the table labeled “32 bis.” However, the estimates of precision in all of the
derived values for uranium (CTA, Rapport U/F, and concentration) were all consistent with
these estimating rules. The uranium precision vaiues in Tables 1-7 are repeated in Appendix
A in this report but were not used in the recalculations. Also, the CTA, Rapport U/F, and
concentration values for both uranium and fluorine that were derived from the amounts
collected by the sequentials (Tables 17-23 in the Geisse report) were not consistent unless
the amounts collected were divided by a factor of 1.1. The reason for this factor is not given
in the Geisse report nor is it obvious from the information provided. However, in order to
remain consistent with the derived values in the Geisse report, this factor was used to derive
the C/q and C values given in Appendix C in this report. Finally, many of the values
calculated in this report did not equal the corresponding values in the Geisse report. These
discrepancies are believed to be due to arithmetic and typographic errors in the Geisse report.
The values in the appendices are “shaded” to indicate where these discrepancies occurred.
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EXPLANATION OF SAMPLING GRID

Number is the nominal designation of the azimuthal position.
Angle is the azimuthal position, in degrees, at a given radial distance.
Dis is the radial distance (in meters) on the sampling grid.
Ht is the height (in meters) above ground level in meters.
Type of Sampler
D is a petri dish for integrated deposition sampling.
d is a petri dish but no data were reported.
Q is a petri dish but results are questionable because sand was found in the
sample.
B is a bubbler for integrated sampling of U and F.
F is a filter sampler for integrated sampling of U and F.
f is a filter sampler but no data were reported.
S is a sequential sampler (provided by VALISES US) for U and F.
G is a gas sampler for SF, but no data were reported.
Iis an Andersen Impact sampler for particle size distribution.
P is a Scotch paper collector for integrated deposition sampling.

32 PARTICLE SIZE DISTRIBUTION MEASUREMENTS

Particle size distribution measurements were made at the five locations listed in Table 3.1
using Andersen Impact samplers. Uranium and fluorine were collected in each of nine
particle size ranges, which are given in microns (um) below:

0to 04
0.4 to 0.7
0.7t0 1.1
1.1to 2.1
2.1t033
3.3to 4.7
47 t0 5.8
5.810 9.0
>9.0

These data are given in Table 25 in the Geisse report and Appendix D of this document.

Values of Ry were calculated for these data in this report and are also given in Appendix
D. .

3.3 DEPOSITION MEASUREMENTS

Deposition measurements were made at the locations indicated in Table 3.1 using Scotch
paper collectors (uranium only) and petri dishes (uranium and fluorine). These included the
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This information was used to calculate areal depositions (mg/m?) and, in conjunction with
the concentration measurements, was used to estimate uranium and fluorine deposition
velocities. Values of Ry were also calculated using the information from the petri dishes.
Data on the amounts collected are given in Tables 26-32, values of areal depositions and
deposition velocities are given in Tables 54-59, and Ry values are given in Tables 59-1
through 59-6 in the Geisse report. Table D.4 in Appendix D (this report) provides the
corresponding information for the Scotch paper collectors and Appendix E provides this
information for the petri dishes. The deposition velocities for petri dishes are derived from
C/q values determined from either bubblers or filters located at a height of 1 m above the
dishes. For Scotch paper collectors, the nearest concentration measurement was used.

The expressions used to convert the amount deposited to areal depositions and deposition
velocities are

D=m/A,
vV =D/(Cq) Q],

where

D = areal deposition of either uranium or fluorine on the ground, mg/m?,

A = collecting area of the sampler for ground deposition, 0.25 m? for the Scotch paper
collectors and 0.0147 m? for the petn dishes,

V = deposition velocity for either uranium or fluorine, m/s.

As indicated in Table 3.1, results for several of the petri dishes are questionable because
sand was found in the samples. These samples are indicated by a footnote in Appendix E.
Also, like some of the concentration-related results, many of the calculated values in this
report did not agree with the corresponding values in the Geisse report and these values are
“shaded” to indicate where the discrepancies occurred.
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4. OTHER MEASUREMENTS

4.1 VIDEOTAPE

Two video cameras recorded the plume trajectory during the test. One camera was
located 20 m directly behind (upwind) the release point at an elevation of 5 m. Although this
camera provided views of the initial horizontal growth of the plume, quantitative data could
not be obtained from the images from this camera because the observed plume width could
not be related to the downwind distance. The second camera was located downwind and off
to the side of the plume trajectory. Images from this camera could be used to estimate the
vertical dimensions of the plume as a function of downwind distance if the exact location of
this camera were known with respect to landmarks (sampling towers) visible in the pictures.
These vertical dimensions of the plume could then be used to estimate vertical dispersion
coefficients. However, the exact location of this camera was not given and it would be very
difficult and inaccurate to do this analysis without this information. Consequently, no
estimates of vertical dispersion coefficients were made.

42 TEMPERATURE MEASUREMENTS

Temperatures within the plume were measured with thermocouples placed on three grids
located at distances of 1, 2, and 4 m downwind of the release point. The grid at 1 m
downwind had 11 thermocouples while the others contained 17. However, data were reported
only for the center thermocouple for the 2- and 4-m grids. The center of each grid was at
the 315° azimuth and 3.15 m above the ground. Thermocouples were located at the center
of each grid and at horizontal and vertical distances of 25 cm. The grid at 1 m downwind had
five thermocouples in the center row and three in the row above and below to make up the
total of eleven. The grids at 2 and 4 m downwind had five in each of these three rows plus
one each at the center (315° azimuth) above and below these rows. The data were provided
as plots of temperature versus time at each location. These plots and figures showing the
arrangement of the thermocouples are given in Appendix F.

The temperature plots showed rapid fluctuations which were probably due to intense
turbulence generated by the chemical reactions close to the release point. Because of these
fluctuations, it has not yet been decided how best to analyze these data; consequently, no
analyses of the temperature data are given in this report.
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5. ANALYSIS OF DATA

The derived data (C/q, Ry, and D) were plotted, and interpretations were made on the
basis of these plots. In addition, runs were made with the Energy Systems UF; dispersion
model to simulate the experimental C/q values to assess the validity of the model.

5.1 Clq AS A FUNCTION OF DOWNWIND DISTANCE AND AZIMUTH

Figures 5.1-5.5 show the experimental values of C/q over the entire duration of the
release as a function of azimuth. These are the individual points on the graphs and include
the values from the bubblers, filters, and sequence 0 of the sequentials. The curves on these
graphs are the results of the simulations using the Energy Systems UF dispersion model.

The model simulation was based on the actual release conditions (81.2 g UF/s directed
upward from a 0.05-m-diam pipe at a height of 3.15 m) and an assumed atmospheric stability
of Class B. Simulations were conducted for all stability classes, and Class B provided the best
fit between the model and the data for regions near the centerline of the plume. As
indicated in Sect. 2.2, two of the four criteria for evaluating stability indicated Class B.

The simulations were done for heights of 0, 1, 2, 3, 6, 8, and/or 15 m to correspond to the
heights where data were taken. In Figs. 5.1-5.4 (10 to 70 m downwind), the simulated results
for uranium and fluorine coincide so there is a single curve for each height. The curves for
heights of 0, 1, 2, (and 3) m are easily distinguishable at 10 m downwind (Fig. 5.1) but come
together at greater downwind distances. There is no room in Fig. 5.2 (20 m downwind) to
designate the curve for the 2-m height, which falls between the 1- and 3-m curves. Similarly,
the 0- and 1-m curves practically coincide in Fig. 5.3 (40 m downwind), and there is no room
to designate the curve for the 2-m height, which falls between the 0- and 3-m curves. In
Fig. 5.4 (70 m downwind), the 0- and 1-m curves coincide and the curve for the 2-m height
falls slightly below the 0- and 1-m curves. At 100 and 200 m downwind (Fig. 5.5), the curves
for 0, 1, 2, and 3 m coincide, but there is now a distinguishable difference between the
uranium and fluorine curves. There is no room in Fig. 5.5 to designate the fluorine curve for
100 m downwind, which falls just below the corresponding uranium curve.

If fluorine and uranium disperse in an identical manner, the values of C/q for both
elements at the same location would be identical. Figures 5.1-5.5 show most of the fluorine
and uranium points to be very close to each other, but a small difference can be detected with
some. These figures and the results tabulated in Appendices A, B, and C generally indicate
uranium values are slightly below the fluorine, but the opposite situation sometimes occurs.
However, the simulated uranium values are always slightly larger than the fluorine values.

For the dispersion to be identical, either both species are depleted at the same rate from
the plume or depletion rates are negligible. Depletion rates are proportional to the
deposition velocities tabulated in Appendices D and E. These values are very small, ranging
from about 9 x 10° to 0.02 m/s (average is 6.3 x 10* m/s) for uranium and 6 x 10° to
5 x 10 m/s (average is 6.6 x 10* my/s) for fluorine. Deposition velocities for fluorine
generally are smaller than the values for uranium, and this is consistent with the observed

RSO TEN E RN
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C/q values for fluorine generally being greater. Deposition velocities derived from the 1987
test (Just and Bloom, 1989, pp. 45 and 46) were smaller, ranging from about 7 x 10° to
6 x 10™* m/s for uranium (average was 2.3 x 10 m/s) and 2 x 10 to 4 x 10™* m/s for fluorine
(average was 1 x 10 m/s).

The simulation used the default deposition velocities built into the model (other values
could have been entered as input), which were 4.97 x 10* m/s for UO,F, and 7.69 x 102 m/s
for HE. These are equivalent to 4.97 x 10~ m/s for uranium and 5.14 x 107 m/s for fluorine.
The higher deposition velocity for HF explains why simulated C/q values for fluorine are
below corresponding values for uranium. The higher deposition velocity for HF is based on
the assumption that it would react with materials on the ground and thus create a greater
driving force for plume depletion as compared with the uranium. The experimental results
seem to imply that the HF is not in a very reactive form or the driving force is not enhanced
by the reactions. However, both deposition velocities are so small that even a 100-fold
difference results in only slight differences in the simulated C/q values for uranium and
fluorine.

The highest C/q values at a given downwind distance will occur at the plume centerline.
The elevation of the simulated plume centerline started at 3.15 m at the release point, rose
to 3.69 m at about 0.8 m downwind, fell to 3.25 m at about 9.7 m downwind, and rose to
level-off at 3.32 m at about 30 m downwind. Since the elevation of the plume centerline
seemed to remain at about 3 m, it is reasonable to expect that C/q values at the 2- and 3-m
elevations will be greater than the values at 0, 1, 6, 8, and 15 m. This expectation appears
to be valid for the experimental data at the downwind distances of 10, 20, 40, and 70 m
(Figs. 5.1-5.4) where measurements were made as a function of height. There is not much
variation with height for the data at elevations of 0, 1, 2, and 3 m, but the variation is very
evident at elevations of 6, 8, and 15 m. The model results show a more pronounced variation
with height than the data at the lower elevations and a much weaker variation than the data
at the higher elevations. Both the data and the model results show the values for elevations
of 0, 1, 2, and 3 m tend to merge with increasing downwind distance.

Simulated results are in reasonable agreement with the experimental data for heights of
0 to 3 m near the centerline of the plume. However, experimental values of C/q are
consistently higher than simulated values at azimuths far from the centerline. Conversely,
experimental values are consistently lower at heights above 3 m. A similar effect with
azimuths can be observed in the paper by B. Crabol et al. (1991) which compared these data
with a Gaussian model developed by A. Doury (1976). The horizontal and vertical dispersion
coefficients in the Doury model and the default values in the Energy Systems model (other
values can be entered as input) are similar to the Pasquill-Gifford values (Gifford, 1976).
However, the Pasquill-Gifford dispersion coefficients were derived mostly from data on
elevated releases and do not apply very well to ground-hovering plumes. Since the height of
the plume centerline seemed to remain at about 3 m at all downwind locations, the UF
release essentially behaved as a ground-hovering plume. The experimental variation of C/q
with azimuth indicates that simulated horizontal dispersion coefficients are too small, while
the vertical variation indicates that simulated vertical dispersion coefficients are too large.
This is a characteristic fault with models that depend on the Pasquill-Gifford dispersion
coefficients when they are applied to ground-hovering plumes. A key feature of dense gas
models is an attempt to properly account for these differences in dispersion characteristics.
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The Energy Systems model can input several parameters, particularly dispersion
coefficients and deposition velocities, which may make the computed results agree much
closer with the experimental data; however, inputing such parameters was not considered a
fair test of the model. Unless methods are available to estimate these parameters prior to
the release test, only the default values in the model would be available in any real situation.

Based on the comparisons between the simulated results and experimental data shown in
Figs. 5.1-5.5, it is recommended that the Energy Systems model can be used, with some
modification, to simulate relatively dilute releases of gaseous UF;. However, the deposition
velocity for fluorine should be reduced to a value (e.g.,1 x 10 m/s) slightly smaller than that
for uranium. Such a value would be consistent with the particle sizes measured in these tests.
For concentrated releases of gaseous UF,, the dispersion coefficients would have to be
modified to better simulate ground-hovering plumes.

The data in Figs. 5.1-5.5 imply that the mean wind direction during the release was about
306° rather than 316° as indicated in Table 2.1. However, there is too much scatter in the
data to be certain. The simulations assumed the direction was 312°, and these results are
within the scatter of the data in the 300° to 330° interval. The variations in the wind
direction were within this interval during the test (Fig. 2.1).

As indicated in Table 3.1, no location contained more than one sampling device to
measure the air concentration of uranium or fluorine. Consequently, it was not possible to
directly compare the results using different sampling devices for this test. However, direct
comparisons between bubblers and filters were made at eight locations during the April 10,
1987, UF, release test (Just and Bloom, 1989, pp. 21 and 22), and these comparisons
indicated a range of 0.480 to 1.304 in the ratio of the bubbler to filter results. The trends of
the data for the June 5, 1989, test at downwind distances of 20, 40, and 70 m (Figs. 5.2-5.4),
indicate the results from different samplers are probably in this same range.

52 C/q AND U/F MOLE RATIO AS FUNCTIONS OF TIME

Values of C/q and the U/F mole ratio, derived from sequences 1-7 of the sequentials, are
shown as a function of time in Figs. 5.6-5.24. Each sequence number represents the end of
a 3-min interval such that sequence 1 sampled from the start of the test to 3 min into the test,
while sequence 7 sampled from 18 to 21 min into the test. Figures 5.6-5.24 also include the
overall values based on samples taken over the entire 21-min sampling period (sequence 0).

The samplers were located 20 and 40 m downwind from the release point at azimuths of
292.5°, 315°, and 337.5° (Table 3.1). With a wind speed of 3.7 m/s or greater (Table 2.1),
the travel time to the samplers (less than 11 s) was negligible compared with the sampling
intervals. Consequently, the variations of C/q with time should be expected to correlate with
the wind direction in Table 2.1 and Fig. 2.1. The 2-min average wind direction during the
release (17:32 to 17:46 in Table 2.1) ranged from 304° to 322° at the 10- and
28-m elevations. The wind direction was more towards the 337.5° samplers during
sequences 1, 2, and 5 (3, 6, and 15 min into the test) and towards the 292.5° samplers during
sequence 3 (9 min into the test). Figures 5.19-5.24 seem to show the corresponding peak in
C/q for the 292.5° samplers during sequence 3. Also, Figs. 5.6-5.11 seem to show the
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corresponding peaks in C/q for the 337.5° samplers during sequences 1, 2, and 5, except the
data at 20 m downwind and 6 m high (Fig. 5.10). The data in Fig. 5.10 shows a peak at
sequence 2 and resembles the trend of the data for the 315° samplers. The C/q data for the
315° samplers (Figs. 5.12-5.18) do not seem to show consistent peaks but show relatively
constant values for sequences 2-5 and low values for sequences 1, 6, and 7. Since the wind
direction during the release ranged from 304° to 322°, the relatively constant values for
sequences 2-5 are expected, but the low value for sequence 1 is difficult to explain. Low
values for sequences 6 and 7 appear in the data for all three azimuths and is probably due
to the termination of the release (at the end of sequence 5). The exception is the data for
the 15-m height (Fig. 5.18), which cannot be explained.

The U/F mole ratio (Ryg) can range from zero (for HF only), through 1.0 (for UO,F,
associated with 4HF), to 3.0 (for UO,F, only). The C/q data seem to indicate that the HF
and UO,F, disperse in a similar manner except for small differences due to deposition.
Consequently, the expected average value for Ryr should be slightly less than 1.0 since the
experimental deposition velocity for uranium generally is greater than that for fluorine. Ry
values based on data taken from bubblers, filters, and sequence 0 of the sequentials (shown
in Sect. 5.3) generally show values slightly less than 1.0. However, the trends of the Ry
values based on sequences 1-7 of the sequentials seem to follow the trends of the C/q data.
The discussion of the particle-size data (Sect. 5.6) implies the particles are primarily UO,F,
(Ryr = 3.0) rather than UO,F, associated with 4HF (Ryg = 1.0). Therefore, the higher Ry
values in Figs. 5.6-5.24 seem to indicate a higher percentage of particles than the lower Ryg
values. It seems reasonable that the particles would tend to move directly with the wind and
appear in smaller amounts off the main wind direction. Consequently, the Ry values would
tend to show peak values at about the same time as the C/q peak values.

Some of the Ryp values may be indications of errors, and Ryp values much greater
than 3.0 (Fig. 5.20) are definite indications of errors. Another indication of error in the
sequentials is the unexplained factor of 1.1 mentioned in the last paragraph of Sect. 3.1. A
third indication of error is that the sum of the weights collected in sequences 1-7 were always
less than the weights collected in sequence 0 (Appendix C). Just (1986, pp. 48~52) and Just
and Bloom (1989, pp. 31-38) also found similar discrepancies in the previous tests.
However, the discrepancies in earlier tests were smaller and were random (the sum of the
weights collected in sequences 1-7 were sometimes greater than sequence 0).

53 Ryp AS A FUNCTION OF DOWNWIND DISTANCE AND AZIMUTH

Figures 5.25-5.29 show the experimental values of the U/F mole ratio (Ryg) over the
entire duration of the release as a function of azimuth. The data from the gas samplers
(bubblers, filters, and sequence 0 of the sequentials) are shown as individual points while the
petri dish data are connected with lines.

Because the C/q data seem to indicate that HF and UO,F, disperse in a similar manner
and the experimental deposition velocity for uranium is greater than that for fluorine, the
expected average value of Ryg based on gas samplers should be slightly less than 1.0. Data
from the gas samplers (bubblers, filters, and sequence 0 of the sequentials) show values

-ranging from about ‘0.6 to about 1.2 (average is 0.92) with most of the values
between 0.8 and 1.0.
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Fig. 5.6. C/q and UJF ratio versus sequence number at 20 m downwind,
1 m high, and 337.5° azimuth.
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Fig. 5.7. C/q and U/F ratio versus sequence number at 40 m downwind,
1 m high, and 337.5° azimuth.
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Fig. 5.8. C/q and U/F ratio versus sequence number at 20 m downwind,
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Fig. 5.10. C/q and U/F ratio versus sequence number at 20 m downwind,
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Fig. 5.19. C/q and U/F ratio versus sequence number at 20 m downwind,
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Fig. 5.23. C/q and U/F ratio versus sequence number at 20 m downwind,
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The deposition data (petri dish) show a much broader range from about 0.05 to about 3.6
(average is 1.02). Since the discussion of the particle-size data in Sect. 5.6 implies the
particles are primarily UO,F, (Ryr = 3.0), the higher petri dish values of Ry are reasonable
and would be expected to correlate with the wind direction (the particles would tend to move
directly with the wind and appear in smaller amounts off the main wind direction). However,
no such correlation can be discerned. The wind direction during the test ranged between
295° and 325° (Table 2.1), but only the data at 10 m downwind showed petri dish Ry values
greater than 2.0 for these azimuths (Fig. 5.25). At other downwind distances, the petri dish
Ry values are less than 2.0 for these azimuths. These inconsistencies in Ryp values make
the petri dish data suspect. The petri dish data at downwind distances greater than 20 m are
definitely suspect since sand was found in most of the samples (Appendix E). Ry values
derived from the 1987 test (Just and Bloom, 1989, pp. 20 and 37) ranged from 0.47 to 2.45
for bubblers and filters (average was 1.04) and from 0.08 to 13.8 for the sequentials (average
was 0.91). Ry values derived from the 1986 test (Just, 1986, pp. 24 and 51) ranged from
0.005 to 2.59 for bubblers and filters and from 0.02 to 17.1 for the sequentials. No average
Ry values were computed from the 1986 test data but the data appeared to cluster about 1.0.

5.4 Ryp AS A FUNCTION OF CONCENTRATION

Ryg values derived from bubblers, filters, and sequentials, are shown as functions of
uranium concentration in Fig. 5.30 and as functions of fluorine concentration in Fig. 5.31.
The sequentials values show a great deal of scatter at all concentrations but tend to cluster
near 1.0. The values derived from the bubblers and filters are all near 1.0 except for two
filters values at low concentrations. There is no discernible function of concentration.
Ry values derived from the 1986 and 1987 tests (Just, 1986, pp. 24 and 51; Just and Bloom,
1989, pp. 20 and 37) seemed to indicate a trend of increasing Ry with increasing uranium
concentration. However, the values from all three tests show too much scatter to verify any
trends.

5.5 DEPOSITION AS A FUNCTION OF DOWNWIND DISTANCE AND AZIMUTH

Values of deposition, expressed as D/q, are shown in Figs. 5.32 and 5.33 as a function of
azimuth. The general trends of the data as a function of azimuth for 10, 20, and 40 m
downwind (Fig. 5.32), show peak values in the 300° to 330° interval, which are consistent
with an average wind direction in this same interval. However, no such trends are evident
in the data for 70, 100, and 200 m downwind (Fig. 5.33). Similarly, the data for 10, 20, and
40 m downwind imply the expected trend of decreasing deposition with increasing distance,
but such trends are not evident in the data for 70, 100, and 200 m downwind. At 10 and
20 m downwind, the uranium deposition is greater than fluorine, but the reverse is true for
greater downwind distances. Sand was found in most of the petri dish samples at downwind
distances greater than 20 m (Appendix E); therefore, the erratic behavior at these distances
may be due to the errors introduced by the sand.
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Most of the data in Figs. 5.32 and 5.33 are from petri dishes on the ground, but a few
points are based on the uranium deposited in Scotch paper collectors at 1- and 2-m heights.
The Scotch paper deposition values are significantly smaller than the corresponding petri dish
values at 10 and 20 m downwind, about the same at 40 m, and significantly larger at 70 and
100 m. The discrepancies at all downwind distances may be due to different sampling heights,
while discrepancies at downwind distances greater than 20 m may be due to the errors
introduced by the sand. Possible systematic errors in the methods may also account for the
discrepancies.

5.6 PARTICLE SIZE DISTRIBUTION AND Ryr AS A FUNCTION OF
PARTICLE SIZE

Figures 5.34-5.38 show the mass fraction of uranium and fluorine associated with each of
nine classes of particle sizes, as measured with Andersen Impact samplers. The particle sizes
in microns (wm) are listed below:

0to 0.4
0.4 to 0.7
0.7to'1.1
1.1 to 2.1
2.1t0 3.3
3.3 to 4.7
47 to 5.8
5.8t09.0
>9.0

Figures 5.34-5.38 also show the cumulative mass fractions (fraction greater than the indicated
size) and values of the U/F mole ratio (Ryg) associated with each size class. The mass mean
particle size (cumulative mass fraction is 0.50) for both uranium and fluorine is about 3 ym
with the fluorine size being generally larger. For both uranium and fluorine, the largest mass
occurs with particles in the range of 1.1 to 3.3 um. Except for the data at 40 m downwind,
a secondary peak in the mass fraction for fluorine occurs with particles greater than 9.0 um.

Except for the data at 40 m downwind, the Ry associated with the particles in the range
of 1.1 to 3.3 um is about of 3.0, which implies that the particles in this size range are primarily
UO,F, (Ryr = 3.0). The Ry associated with the particles greater than 9.0 um is
approximately 0.2 to 0.5, which implies that these larger particles contain very little uranium.
The larger particles may be HF associated with, or reacted with, dust or water droplets. The
Ryp of the smallest particles (less than 0.7 um) ranges between 0.02 to 2.2, which may
indicate that the smaller particles are UO,F, associated with HF.
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6. SUMMARY AND CONCLUSIONS

A controlled uranium hexafluoride (UF;) release test was conducted on June 5, 1989,
during which 73.1 kg of UF, vapor was released over a time interval of 15 min. The
information collected included meteorological data, measurements of uranium and fluorine
concentrations, particle size distribution information, deposition data, visual data (photographs
and a videotape), and temperature measurements within the plume close to the release point.
This information and derived values of normalized concentrations (C/q), air concentrations,
and normalized uranium to fluorine mole ratios {Ryz) were provided to Energy Systems. This
report contains an analysis of the data collected during this test and a comparison of these
data with the predictions of the UF; dispersion model developed by Energy Systerms.

Some problems were encountered in interpreting and analyzing the data. There is some
uncertainty in interpreting the sign of the temperature difference between 2 and 28 m, which
strongly affects one of the criteria for evaluating atmospheric stability. Three additional
criteria were applied and two of them indicated B stability. No data were reported for 7 of
the 65 filters samplers, and there is some uncertainty about the locations of the filters at a
distance of 40 m and height of 2 m. Values of C/q, Ry, and C were recalculated in this
report, and a number of inconsistencies were discovered in the tables provided. Estimates
of precision for the amount of uranium collected by the bubbler samplers did not follow the
estimating rules included with the data, but the estimates of precision in all of the derived
values were consistent with these rules. These precision estimates were not used in the
recalculations. Also, the derived values from uranium and fluorine collected by the
sequentials samplers, seemed to be divided by a factor of 1.1. No reason was given for this
factor, nor is it obvious from the information provided. Despite this uncertainty, the factor
was used in the recalculations. Even with the inclusion of this factor for the sequentials,
fnany of the recalculated values did not equal the corresponding values provided, but it is
believed that these discrepancies are due to arithmetic and typographic errors.

Several of the petri dishes are questionable because sand was found in the samples.
Quantitative data could not be obtained from the images from the video cameras because the
exact location of the cameras were not known with respect to landmarks (sampling towers)
visible in the pictures. The measured temperatures showed rapid fluctuations with time that
could not be interpreted; consequently, no analyses of the temperature data are given. No
location contained more than one sampling device to measure the concentrations;
consequently, direct comparison of results from using different sampling devices was not
possible. However, direct comparisons between bubblers and filters from an earlier test
(April 10, 1987) indicated a range of 0.480 to 1.304 in the ratio of the bubbler to filter results.

The tabulated and plotted values of experimentally derived C/q generally indicate fluorine
and uranium disperse in a similar manner, with the uranium values being slightly lower than
the fluorine values. The differences are attributed to differences in plume depletion rates,
which are proportional to deposition velocities. Experimentally derived deposition velocities
range from about 9 x 105 to 2 x 102 m/s for uranium and 6 x 10° to 5 x 10® m/s for
fluorine. The C/q plots imply that the mean wind direction during the release was about 306°
rather than 316° as indicated by the meteorological data, but there is too much scatter in the
data to be certain. Variations in the wind direction were within the 300° to 330° interval.
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The C/q values simulated using the Energy Systems model are in reasonable agreement
with the experimentally derived values for heights of 0 to 3 m near the centerline of the
plume, but deviate significantly at azimuths far from the centerline and at heights above 3 m.
The deviations are primarily attributed to simulated horizontal dispersion coefficients being
too small and vertical dispersion coefficients being too large. This is a characteristic fault with
models that depend on the Pasquill-Gifford dispersion coefficients when they are applied to
ground-hovering plumes. Another deviation is that the simulated C/q values for uranium are
slightly larger than the fluorine values because the simulated deposition velocity for fluorine
(0.0514 m/s) was greater than for uranium (4.97 x 10* m/s). The Energy Systems model could
have input dispersion coefficients and deposition velocities that may have made the computed
results agree much closer with the experimental data, but this was not considered a fair test
of the model.

Plots of C/q and Ry as functions of time were derived from the sequentials samplers and
these values appear to generally correlate with the wind direction during the test. The
expected average value for Ry and most of the experimentally-derived values taken over the
entire duration of the release are slightly less than 1.0. Higher Ryr values seem to indicate
a higher percentage of particles than the lower Ryp values. It seems reasonable that the
particles would tend to move directly with the wind and appear in smaller amounts off the
main wind direction. Consequently, the Ry values would tend to show peak values at about
the same time as the peak C/q values. Indications of errors in the sequential results are Ry
values much greater than 3.0, the unexplained factor of 1.1 mentioned above, and the fact
that the sum of the weights collected in 3-min intervais (sequences 1-7) were less than the
weights collected for the entire duration of the release (sequence 0).

Values of Ry derived from the bubblers, filters, and sequence 0 of the sequentials show
values ranging from about 0.6 to about 1.2, with most of the values between 0.8 and 1.0. The
deposition data (petri dish) show a much broader range from about 0.05 to about 3.6. The
petri dish data are suspect, especially the data at downwind distances greater than 20 m for
which sand was found in most of the samples.

Experimentally derived values of deposition at 10, 20, and 40 m downwind show peak
values in the 300° to 330° azimuth interval which is consistent with an average wind direction
in this same interval. Also, these data show the expected trend of decreasing deposition with
increasing distance. However, the data for 70, 100, and 200 m downwind show erratic
behavior, possibly because sand was in most of the petri dish samples at downwind distances
greater than 20 m. Most of the deposition data are from petri dishes but a few points are
based on the uranium deposited on Scotch paper collectors. The Scotch paper deposition
values are significantly smaller than the corresponding petri dish values at 10 and 20 m
downwind, about the same at 40 m, and significantly larger at 70 and 100 m.

Data from Andersen Impact samplers indicate that the mass mean particle size for both
uranium and fluorine is about 3 um with peak masses in the range of 1.1 to 3.3 um. A
secondary peak for fluorine seems to occur with particles greater than 9.0 um. The particles
in the range of 1.1 to 3.3 um seem to be primarily UO,F, while the particles greater than
9.0 um may be HF associated with, or reacted with, dust or water droplets.
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On the basis of the comparisons between the simulated results and the experimental data
shown in Figs. 5.1-5.5, it is recommended that the Energy Systems model can be used, with
some modification, to simulate relatively dilute releases of gaseous UF,. However, it is
recommended that the deposition velocity for fluorine be reduced to a value
(e.g., 1 x 10* mJs) slightly smaller than that for uranium. Such a value would be consistent
with the particle sizes measured in these tests. For concentrated releases of gaseous UF, the
dispersion coefficients would have to be modified to better simulate ground-hovering plumes.
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Appendix D
DATA FROM IMPACTORS AND SCOTCH PAPER
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Table D.1. Data from impactors at 318° azimuth, 10 m downwind, and

2 m height and at 20 m downwind and 1 m height

e pen e Y—
Pnaan St wuiit S at MmO s T e

Downwind | Height | Angle | Lower limit | Amount collected (mg) Precision (mg) U/F

distance (m) (deg) | of particle , - mole
(m) size (um) Uranium | Fluorine | Uranium | Fluorine | ratig
10 2 318 9.0 3.206 2.785 0.321 0.067 0.55
10 2 318 5.8 2.139 2.005 0.214 0.049 0.51
10 2 318 4.7 3.609 1.565 0.361 0.038 1.10
10 2 318 33 22354 3.055 2.235 0.074 3.50
10 2 318 2.1 20.741 2.825 2.074 0.068 352
10 2 | 318 1.1 16124 | 2385 1612 | 0058 | 324
10 2 318 0.7 6.822 1.335 0.682 0.032 245
10 2 318 0.4 0.999 0.308 0.1 0.007 1.55
10 2 318 0 1.752 0.374 0.175 0.009 224
.20 1 318 9.0 0.466 1.23 0.047 0.03 0.18
20 1 318 5.8 1.097 0.833 0.11 0.02 0.63
20 1 318 4.7 2.538 0.642 0.254 0.016 1.89
20 1 318 33 4.791 1.015 0.479 0.025 2.26
20 1 318 21 16.284 2.555 1.628 0.062 3.05
20 1 318 1.1 15.488 2325 1.549 0.056 3.19
20 1 318 0.7 2.88 0.456 0.283 0.011 3.03
20 1 318 04 0.542 0.208 0.054 0.005 125
20 1 318 0 0.759 0.207 0.076 0.005 1.76
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Table D.2. Data from impactors at 1 m height, 40 m downwind, and 318° azimuth
and at 70 m downwind and 315° azimuth

Downwind Lower limit | Amount collected (mg) Precision (mg) U/F

distance | Height | Angle | of particle mole
(m) (m) (deg) | size (um) Uranium | Fluorine | Uranium | Fluorine | ratio
40 1 318 9 0.163 0.347 0.016 0.008 0.23
40 1 318 5.8 0.448 0.247 0.045 0.006 0.87
40 1 318 4.7 0.509 0.205 0.051 0.005 1.19
40 1 318 33 3.982 82 0.398 0.198 0.23
40 1 318 2.1 7.669 14.55 0.767 0.352 0.25
40 1 318 1.1 5.7 11.55 0.57 0.28 0.24
40 1 318 0.7 0.975 1.7 0.098 0.041 0.27
40 1 318 04 0.102 0.368 0.01 0.009 0.13
40 1 318 0 0.044 0.285 0.007 0.007 0.07
70 1 315 9 0.064 0.202 0.01 0.005 0.15
70 1 315 5.8 0.195 0.137 0.02 0.003 0.68
70 1 315 4.7 0.224 0.103 0.022 0.002 1.04
70 1 315 3.3 1.784 0277 | 0178 | 0007 | 3.8
70 1 315 2.1 2.466 0.366 0.247 0.009 3.23
70 1 315 1.1 3.328 0.456 0.333 0.011 3.50
70 1 315 0.7 0.421 0.095 0.042 0.002 212
70 1 315 04 0.051 0.025 0.008 0.001 0.98
70 1 315 0 0.022 0.018 0.004 0 0.59




Table D.3. Data from impactors at 100 m downwind, 315° azimuth, and 1 m beight

Downwind Lower limit | Amount collected (mg) Precision (mg) UF
distance | Height | Angle | of particle mole
(m) (m) (deg) | size (um) Uranium | Fluorine | Uranium | Fluorine | ratjo
100 1 . 315 9.0 0.056 0.087 0.009 0.002 |031
100 1 315 5.8 0.156 0.065 0.016 0.002 1.15
100 1 315 4.7 0.185 0.051 0.019 0.001 1.74
100 1 315 33 0.605 0.118 0.061 0.003 |246
100 1 315 2.1 1.838 0.261 0.184 0.006 |3.37
100 1 315 11 1.492 0.226 0.149 0.005 |3.16
100 1 315 0.7 0.073 0.03 0.012 0.001 117
100 1 315 04 0.108 0.025 0.011 0.001 2.07
100 1 315 0 0.003 0.066 0.001 0.002 0.02

Table D.4. Data from Scotch paper collectors

Downwind Height | Angle Amount Precision Deposition Deposition
distance (m) (m) (deg) | collected (mg) (mg) (mg/m?) velocity (m/s)
10 2 318 7.8 0.78 312 1.26E-04
20 1 318 2.68 0.27 10.72 1.56E-04
40 1 318 1.61 0.16 6.44 1.47E-04
70 1 315 0.83 0.08 332 2.79E-04
100 1 315 0.42 0.04 1.68 1.45E-04
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Appendix E
DATA FROM PETRI DISHES







E-3

p0-HYT'T $0-d2T'1 8¥°0 $95°1 695’1 100°0 000 €200 €200 0LT 0 01
y0-dvy’1 $0-d91°1 8L°0 1v0'C gee’e 1000 8000 €00 6¥0'0 oLt 0 o1
¥0-460°1 $0-96€'1 €'l €59 6529 1000 S100 6£0°0 7600 [4:74 0 o1
y0-dzel y0-deb'l 6t’l 01S°S 986°S1 2000 ¥20°0 1800 S€T0 88¢ 0 o1
y0-gave’l $0-420'C 99’1 7656 £ee'ee €000 6v0°0 10 6¥°0 p6t 0 01
v0-dc6't $0-dL9'Y XA 3841 8v0'69 S00°0 2010 8120 S10'Y 00€ 0 o1
$0-dL8'T y0-avyey 0eT L9E'81 66788 L000 €10 LT0 86T1 90¢ 0 1]
v0-de0e $0-9SL'9 1€C yI0°vT | 8LS'STT 6000 LT'0 £6€°0 6691 (A3 0 o1
y0-dev'e $0-dS8’L 60°C €66'CC | <LTO0T 8000 Ly1o 8€€0 1 7A4S 81¢ 0 01
$0-H06't $0-dE8'6 YA S6£91 1L89L 9000 ¢I1r'0 1vT0 AN yTe 0 o1
y0-dcee £€0-36T'1 LS'E ThL'el 18€°701 €000 IST°0 070 S0S°1 11X 0 01
$0-dEL'9 €0-9ST°1 ¥9'1 9Lyl 80V°0S S000 ¥L0°0 L1T0 IvL'0 9¢e 0 o1
€0-HST'E €0-HES'S 91 918'0C TI90L L000 $01°0 90€'0 8€0'1 (443 0 1)
: 20-3¢S°L LST 90ES £05°8C 2000 w00 8L0°0 61¥°0 8he 0 01 I
£€0-d60't €0-d€0'9 81 601°¢ LZ0'8 1000 100 1€0°0 811°0 1753 0 01 __
supon]y wajueI) oner | ouponjy | wnuern | ouponyy | winjuern) | ouonpy | wnjuein ()
ajout /N . (Bop) | (w) souelsip
(sjur) Kioorea uonisodaQg (w/3ur) uomsodoq (Sw) vorsioand , (Swr) paoarjoo unoury | o[duy | SeH | pummumod

pumumop w (f je punois o) uo sagsip med woy eleq “T'H 9I9EL




E4

€0-96T°1 v0-d€6'8 8v'0 9sT'1 9Tl 0 €000 L100 L10°0 0L 0 0T
180 880°1 Le”'1 0 ¥00°0 9100 L7200 9LT 0 0T
$v0-dL8'1 ¥0-d21°9 £6'C (%A €8b’L 0 1100 8100 110 787 0 0z
YO-d1H'l ¥0-980'p LS'T £66'C ¥S0'91 1000 ¥20'0 ¥v0'0 9¢7'0 88C 0 0c
¥0-H0S'1 $0-460°¢ 8s'l oL1’S LOOLT 2000 §20°0 9L0°0 YAV ¥61 0 0z
y0-9£0°C yo-gavy'e S9'1 9st'6 $8¢°zE €000 800 6¢£1°0 6LY'0 00t 0 0C
v0-dLS'T v0-460'y 1971 1L8°91 L99'9S 9000 €800 iZAY £€8°0 90¢ 0 0C
- y0-dS6°¢ 80'C 020'11 €I8’LY $00°0 L00 0910 €0L'0 (A 0 0z
¥0-a0v'S $0-360°L 6T'1 S60°81 6£9°8Y 9000 00 992°0 SILO 81¢ 0 0C
$0-420°€ $0-H10°€ 060 7576 €T8'LI €000 9200 9¢1'0 920 yie 0 0z
vo-disy $0-d82'9 YA SSL'L weoe €000 €00 14481 8620 0te 0 174
$0-d0b'C y0-avL'v 651 929'v PLEST 2000 €200 8900 9¢C0 9¢E 0 0¢
$0-dS8°¢ Y0-d9L’L 68'1 (4449 L6V'1T 2000 €00 800 91¢°0 e 0 0z
881 123009 8TL'61 7000 6200 $LO0 670 8he 0 0c
ae 6v¥'T 91801 1000 9100 9€00 6S1°0 129 0 0t
$0-360°¢ $0-H9¢'8 yT'e 2190 LS8C 0 L000 6000 00 09¢ 0 0c
aupion] wnjueln M__WH ouponyy | wnuern | ounonp | wnjuern) | ouuon]j | wniueln ﬂm_m%%@ EMMWI 8_A_.Mvw 0
(s/w) Anoopoa uonisodoq a/n (;w/3w) uonisodeQ (3w) uvoisoa1g (8ur) pa103jj00 JUNOUWY puimumod]

pUIMUMOP W (7 J¢ punoid o) uo soysip mad woy ee ¢H S198L




E-5

‘sojdwes uj punoj pues,

__ (s/ur) Ansopea uopnsodaQ

5t b b 0 0 1100 1000 | OLT 0 ov
€0-HKT1 0 0 €100 2000 | 9T 0 0F
$0-d01°C 920 0 1000 €100 LO0'0 8¢ 0 Ob
LEO 1000 $00°0 €00 SZ0'0 887 0 OF
$0-36e°c vo.-mmwm._ €v'o m ) 000 €100 2600 2800 v6t 0 Ob
590 Loo'L 2000 100 €01°0 6£1°0 00¢e 0 Ob
$0-H68'¢ ¥0-d459°¢C 650 €L6'TT 929'b1 ¥00°0 2000 9LT'0 S12°0 90¢ 0 Ob
¥0-d0V'9 y0-dev'e 0s'0 +88°01 6Ch'1l $00'0 L100 91’0 891°0 (A%% 0 OF
y0-abb'e $0-dS8'1 0s0 €8L S60'8 £00°0 2100 SIT0 6110 81¢ 0 OF
$0-dL8'Y $0-92LC 60 Lz0'8 LoL'8 €000 €100 8110 8Z1°0 yTe 0 LY
vo-mwa.m $0-dZ¢eT €50 ¥s0'9 2000 ¥100 800 6800 0ee 0 Ob
$0-400C v0-dSS°C 90°1 996y 1000 2100 £e0’0 €L0°0 oee 0 oy
y0-H68v ¥0-d66'Y $8'0 L9E'8 000 2100 6900 1 XAN) e 0 oy
y0-dyT’e $0-d€0°d a1 98T 1000 100 L200 €900 8he 0 or
B 08 0 w000 | 8000 100 | ts€| o ov
i) 0 1000 9000 woo | o | o ov __
__ ouponp,y | wnueln ouptonpyy | wnuern | sunonyg | wapuexn | oumonpy | wnjueln M_m%%w :_Aw_”_nwm Smﬁvw_c
(w/3ur) uontsodaq (8w) uorsioaig (8w) po199]j00 JUNOWY pupaumoq

puIMUMOp W (f Je punoiS oy uo sagsip Wiad woxy med ¢ JqBL

—— -

gy o



‘s|qejreae sem onjea b/ Suipuodsaiioo ou 1nq 1oda1 9ssto0O Y1 ul partodal i, IN[BA 4
‘sojdures uj punoj pues,

$oHo 0 0 £00°0 w00 | 9z 0 oL

P0-HE6'E 0 1000 S00°0 L000 [4:74 0 0L

YO-dIb'e 0 €000 LO00 9100 882 0 oL

qd 0 $00°0 8000 ¥20°0 $6T 0 oL

¥0-°78'1 98’1 880°1 0 100 9100 2900 00e 0 0L

$0-d0¢'T 0-dbe'c 89’1 £€9'1 1000 €100 $20°0 $80°0 90¢ 0 0L
$0-d09°'1 8¢°0 18¢°C S06°'1 1000 000 $£0°0 8200 cle 0 0L
$0-de6’c ¥0-d6¢°'1 €0 12L°C S06°1 1000 ¥00°0 $00 8200 81¢ 0 0L
y0-dLS'T y0-d18°1 650 Lev'l LER'T 1000 000 00 L70°0 bee 0 0L
$0-dS6'v $0-d9¢°'1 LT0 1000 €000 €00 8100 0ee 0 0L
YO-dLL'Y $0-dSL1 1000 000 €00 €200 9¢e 0 0L
v0-d8¢'1 0 €000 €100 6100 e 0 0L

bt (358 $0-dLS'T 0 w000 1100 100 8be 0 0L
€0-d6L'T 0 0 L00°0 1000 pse 0 0L
aupIon]y wnjueln) onel ouptony | wmpuesn) | supony] | wnuern | suponp] | wnpuein (dap) () (w)

ajou oifuy | wdey | oouwisip
(s/w) Aioojea uonisodaq Jn (;w/Bur) uopisodag (Sur) uorsioord (8ur) pa1da[00 tunoury pumumoq

puIMuMOp U (), e punoid oy uo saysip mod woy ejeq “pH 9L




E-7

‘sojduses up punoj pues,

€0-dIel $0-4L0C 10 0890 020 0 1000 100 £00°0 87 0 001
£ P0-dLT1 S00 9¢T'0 0 0 200 000 88T 0 001
€0-dS0'1 YO-HET'T - 11°0 801'0 1000 1000 9200 9000 $6¢ 0 001
$0-dS6'8 YO-HIL'T 61°0 601°C 000 S00°0 800 1€0°0 00¢ 0 001
y0-avy'9 $0-d9¢'1 00 €L6] 000 S00°0 8900 6700 90¢ 0 001
e YO-HSE'T 81°0 S9ST | 1000 | 000 190'0 €00 | e 0 001
10 8hL'0 1000 7000 8€00 110°0 8I¢ 0 001
y0-d1e’t y1°0 089°0 1000 2000 $€0°0 100 A% 0 001
SO-d8E'L 900 0re'0 1000 1000 €00 <000 0ce 0 001 -
PO 0 2000 £00°0 o | %€ | o 001
0 100°0 2000 8000 (42 0 001
0 0 10070 7000 8yt 0 001
JUHIONL wnjueIn) ones oupronp] | wnyueln | suponpy | wnjuerny | sumonp] | wajuern (8sp) | (w) (w)
oot o18uy | wdioH | oouelsip
(s/ur) Kipdojaa uonisodoq a/n (;w/8w) uonisodoq (Sw) uoisio1d (Sur) po129]109 UNOWY pupmumo( |

pummumop w oI e punoid o) uo sogsip ad woy ereq@ SH S49EL

R AN

Sy &

Pt et




E-8

‘sojdwes ur punoj pues .

¥0-209'1 0 1000 9000 1000 88¢C 0 +00C
S0-8+0'9 0 1000 2000 1000 v6C 0 002
¥8°0 0 1000 ¥00°0 L000 00¢ 0 00T
0 1000 €000 8000 90¢ 0 007
E 0 1000 €000 $00°0 [48% 0 00C
$0-36C'1 0 1000 9000 €000 81¢ 0 00T
$0-3¥9'C vO-dbe't | 8V°0 ¥0T'0 0 1000 €000 €000 vie 0 0T
¥0-d¥8'c ¥0-d0T'1 020 0 0 €000 2000 0te 0 00T
S0-"H106 9t1'0 0 0 2000 2000 9¢t 0 00T
ouponp | wnpuei | OMe! | oumonyy | wnmuein | suponyd | wnpueln) | ouuonj | wnjuen (3op) | (w) (w)
s[owt o19uy | wSioy | oouwisip
(s/w) Kioojoa womsodo | /N | GuyBur) uomsodoq (Sw) uoisidalg (Sw) p2109}100 WROWY pupmumod

pummumop w oz e punoid og; uo saysip mod woy eleq 9°H 9[qeL



Appendix F

TEMPERATURE DATA
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